Lipid tubules, which are straight hollow cylinders consisting of lipid bilayers, are shown to orient in strong magnetic fields. Birefringence measurements were made of dilute samples of tubules of 1,2-bis(10,12-tricosadiynoyl)sn-glycero-3-phosphocholine (DC23PC) in magnetic fields of up to 4 T. The tubules were found to orient with their long axes parallel to the field direction, with saturated orientation ((P2 (cos 0)) > 0.95) found at -2 T. From known distributions of lengths and the number of bilayers in the walls, a value Ax = (-7 ± 1) x 10-9 erg cm-3 G-2 was calculated for the tubules, which compares well with some previously reported values for phosphatidylcholines. Magnetic alignment will permit more sophisticated structural studies of monomeric and polymeric tubules, and provide a method of orienting macromolecules in the tubule walls or interior.
INTRODUCTION
It has been known for some time that biological membranes can be oriented by magnetic fields of 1 T or more. The first attribution of biomembrane orientation to the diamagnetism of constituent molecules was by Hong et al. (1971) , who demonstrated that the summing of molecular interactions with the field was sufficient to orient retinal rod cells, and presented the formalism necessary for the interpretation of magnetic orientation of other membranous microstructures. In the case of the rod cells, the membrane proteins, and in particular their constituent alpha-helices, must account for much of the diamagnetic anisotropy.
Soon thereafter orientation of protein-free lipid bilayers by magnetic fields was reported by several independent groups (Gaffney and McConnell, 1974; Maret and Dransfeld, 1977; Boroski and Helfrich, 1978) . Such orientation effects have been attributed to the weak anisotropic diamagnetism of the hydrocarbon chain, which results in the chains orienting perpendicular to a magnetic field (Londsdale, 1939) . Often, however, liposomes, particularly multilayer liposomes, are polymorphic spherically symmetric structures and as such are not orientable. One might consider it surprising that such structures can exhibit an "orientation," although liposomes are sufficiently soft to permit an observable field-induced deformation of the spherical structure. The magnetic field-induced deforma-Dr. Rosenblatt tion and resulting optical properties of liposomes had earlier been worked out by Helfrich (1973) .
The problem of measuring diamagnetic susceptibility anisotropies in relatively nondeformable liposomes was tackled by Boroske and Helfrich in 1978. Observing individual vesicles of egg lecithin under a phase-contrast microscope, they first determined the rotational diffusion constant Dr due to Brownian motion. Armed with a value of Dr, they switched on a magnetic field and measured the dynamic response of elongated vesicles to determine Ax, obtaining a value in cgs units of -(0.28 ± 0.02) x 10-8 erg cm-3 G-2. Nearly complete alignment of these prolate ellipsoids was obtained in 1.5 T, with the long axes parallel to the field. In a follow-up study Scholz et al. (1984) determined Ax by observing the time-averaged orientational distribution function obtained from an elongated liposome in a weak field. For egg lecithin their value was 1.7 x larger than the Boroske and Helfrich value, which they attributed to a compositional difference between the materials used in the two studies. In addition, they found a value of Ax = -(0.96 ± 0.1) x 10-8 erg cm-3 G-2 for vesicles of dimyristoyl lecithin (DMPC). In all cases the lipids were in the fluid La phase. Using 3lP and deuterium nuclear magnetic resonance (NMR) as structural probes, Seelig et al. (1985) have confirmed if indirectly that at 7 T fluid protein-free liposomes orient with the normal to the bilayer perpendicular to the magnetic field. Seelig et al.
were able to orient extracted bacterial lipids and a twocomponent mixture of unsaturated synthetic lipids when the hydrocarbon chains were fluid, but were, for unknown reasons, unable to orient samples of pure lipids.
The crystalline phase of lecithin was investigated by Sakurai et al. (1980 Sakurai et al. ( , 1983 , who studied the dynamic relaxation time of platelet crystals of the dihydrate dipalmitoyl phosphatidylcholine (DPPC) in the presence of a weak aligning magnetic field. The authors found the 0.1-mm-thick platelets to be diamagnetically biaxial, so that not only do the hydrocarbon tails orient perpendicular to the field, but the head groups, which lie in the plane of the platelets, orient perpendicular to the field as well. Their dynamic measurements yielded a value for Ax of -9 x 10-8 erg cm-3 G2, an order of magnitude larger than the La phase results discussed above. This difference was attributed to the higher degree of order in both the tail and head groups in the crystalline material. Nevertheless, these quantitative results must be viewed with considerable caution. In a biaxial material one expects two coupled rotational modes, each with a characteristic decay time, whereas Sakurai et al. measured a single average characteristic time. Moreover, Sakurai et al. simply measured light transmission through two crossed polarizers without formally relating the measured intensities to platelet orientation. Finally, they did not account for the distribution in platelet dimensions; since the rotational friction coefficient scales as length cubed, a distribution in platelet size can result in severe errors in the susceptibility (Lewis et al., 1985) . (In contrast, Boroske and Helfrich observed individual vesicles using optical microscopy, independently measuring, rather than calculating the rotational diffusion coefficient.)
A new type of lipid microstructure has recently been discovered which consists of lipid bilayers wrapped around a hollow core. This structure, which we call a tubule, can be formed by polymerizable diacetylenic phosphatidylcholines (Yager and Schoen, 1984; Yager et al., 1985; Singh and Schnur, 1985; Singh et al., 1986; Georger et al., 1987) . The lecithin 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3phosphocoline (DC23PC), for example, contains two diacetylenic groups in the middle of each hydrocarbon chain that render it and similar lipids polymerizable (Johnston et al., 1980; Hupfer et al., 1981; O'Brien et al., 1981; Albrecht et al., 1982; Lopez et al., 1982; Leaver et al., 1983; Schoen and Yager, 1985) . The tubules can be perfectly straight and are -0.75 ,im in diameter, tens or even hundreds of micrometers in length, and have walls that vary from 1 to -10 bilayers in thickness (see, for example, Yager et al., 1985) . Diacetylenic lipid tubules form in two ways: they will grow by conversion of liposomes as the hydrocarbon chains in the liposomes crystallize at their characteristic phase transition temperature (Yager and Schoen, 1984 ; Yager, P., R. R. Price, J. M. Schnur, P. E. Schoen, D. Rhodes, and A. Singh, manuscript submitted for publication), or by precipitation of a solution in organic solvent by addition of a nonsolvent such as water (Georger, et al., 1987) . Similar structures have also been formed from a very different lipid that is charged, nonpolymerizable, and has a natural amino acid as its chiral center (Nakashima et al., 1985) .
The bilayers in tubules are all parallel to the long axis, so such a structure should orient in a magnetic field. However, little is yet known of the conformation or packing of the lipid molecules within the tubule walls. A correlation between the molecular orientation and that of the tubule as a whole is implied by coherent linear dichroism of the polymer along the entire length of the tubules, but there is no crystallographic data to support this hypothesis. We report the results of our exposure of dilute suspensions of tubules to high magnetic fields, using birefringence to determine the degree of alignment.
MATERIALS AND METHODS
The lipid 1 ,2-bis(10,1 2-tricosadiynoyl)-sn-glycero-3-phosphocoline (DC23PC) was synthesized according to previous published methods (Johnston et al., 1980) and was purified to a single spot by thin-layer chromatography. Tubules were prepared by dissolution of the lipid in ethanol to 0.5 mg/ml, followed by addition of 50% triple distilled water by volume at room temperature, which produces a precipitate that consists primarily of tubules (Georger et al., 1987) . Samples to be polymerized were then dialyzed to 20% ethanol, cooled to 0°C, and polymerized to a dark red color by exposure to 5.5 Mrad of 'Co gamma radiation. Both monomeric and polymerized tubules were then dialyzed three times against 2,000 vol of triple distilled water for a total of over 18 h to remove residual ethanol. Data presented here are from polymerized tubule samples.
To obtain the distribution of tubule lengths a small amount of sample was placed between a microscope slide and coverslip. Several photographs of the sample were taken using an Olympus BHA microscope (Olympus, Tokyo, Japan) in phase-contrast mode. The length distribution, shown in Fig. 1 , was obtained from optical micrographs of 101 individual tubules, where the mean length was found to be 21 ± 7 um.
The distribution of the number of bilayers in the tubule walls was determined as follows using electron microscopy. When suspensions of thin tubules prepared as described are dried in air, the tubules flatten to produce 1-Mim-wide strips. As a single bilayer is sufficiently electron dense to be resolved, the number of layers in the tubule wall can be counted. Tubules were dried on a carbon film-coated copper grid and placed in the upper stage of a DS-130 scanning electron microscope (International Scientific Instruments Inc., Santa Clara, CA) equipped with a model 9000 image processing system (Kevex Corp., Foster City, CA). The instrument was operated in the scanning transmission mode and a digitized image was recorded (dynamic range of 256). The magnification was such that several dozen non-overlapping tubules could be seen in a single image (Fig. 2) , and tubules were -5-pixels wide to assure that at least two pixels along a line perpendicular to the tubular axis reflected the true electron density. 
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FIGURE 2 A pseudo threedimensional plot created from an image of a field of tubules on a thin carbon support recorded in STEM mode. The height of peaks above the plane reflects the intensity of electron scattering by tubules at each point, which is presumed to be linearly proportional to the number of lipid bilayers in the tubule walls. Note that the thickness of a tubule wall is often not constant along its entire length.
In the scanning transmission mode each bilayer in a tubule wall can be assumed to contribute equally to reducing the electron beam intensity. Absorbance, which should be proportional to the number of bilayers in the wall is, according to Beer's law, log(I/I0). The copper grid was chosen as an electron opaque standard (just above zero counts), and the background intensity of electrons passing through the carbon support was adjusted to just below 255 counts, or Io. The image was color-coded such that six different colors corresponding to differentiable electron densities were created. Care was taken that the first discrete level that differed from the background included only the least dense complete tubules. These were presumed, based on high-magnification images, to have walls consisting of a single bilayer. If, however, walls were quantized in bilayer pairs, such as 2,4, 6, etc., then all subsequent volume susceptibility results would be two low by a factor of two; we feel, however, that this is an extremely unlikely possibility. The numerical boundaries of other categories were chosen to give the longest stretches of uniform color along individual tubules.
As individual tubules were often of different thicknesses along their lengths, we chose to measure the total length of non-overlapping tubular material of a particular color, which corresponds to the distribution in wall thickness. It was also assumed that only even numbers of bilayers would be observed in complete tubules. The data are presented in Table  I .
Magnetic Birefringence Measurements
The tubule suspension was diluted to a concentration of 0.17 mg/ml and placed in a stoppered glass cuvette having a 1-cm optical pathlength. The cuvette was housed in a cylindrical brass oven maintained at 27 ± 0.20C, and in turn situated in the bore of an 11.2-T Bitter magnet possessing a transverse optical port. The sample was illuminated by a He-Ne laser (Model 124B; Spectra Physics Inc., Mountain View, CA) attenuated to -0.8 mW.
Field induced birefringence was measured by means of an automatically compensating Pockels cell modulated at 2,800 Hz. The apparatus is described in detail (Rosenblatt, 1984) . Although sensitivity for the device is better than An = 10-9, much larger noise fluctuations (-3 x 10-8) were observed, ostensibly due to the sample itself; thus it was often difficult to precisely establish the zero birefringence, which ultimately led to an experimental run-to-run variation in tubule susceptibility anisotropy of some ± 15%. The possible origins of the apparently random baseline drift are several, including shear induced orientation caused by tubule sedimentation, clustering of tubules, and small convection currents in the sample. Note that more concentrated and more dilute samples were also used, with a corresponding increase and decrease in absolute noise, but little observable change in the signal-to-noise ratio.
With the sample in place, the field was increased step-wise from 0 to 4 T (1 T = 10 kG). Typically 2-3 min were required before the orientational distribution equilibriated at each field setting, particularly when the magnetic field was small. The birefringence, as determined by the compensating voltage applied to the Pockels cell, was recorded at each step, and the field subsequently increased. Before beginning a new field sweep, the birefringence was allowed to decay at zero field for -25 min, i.e., for more than 10 T, where T is the characteristic orientational decay time of a rigid rod of average length. Several such sweeps of the field were thus performed. (During preliminary measurements it was found that upon switching off the field the birefringence did not decay monotonically to zero, but rather exhibited a small "bump" of duration I T and magnitude -15% of the saturated value occurring after -2 decay times. The origin of this behavior is unclear presently and is the subject of further investigation.) Based upon the pattern of light scattered at high fields, we can determine that the tubules align with their long axes parallel to the field direction. Since the lipid molecules that comprise the tubules are assumed to orient approximately perpendicular to the walls, the magnetic susceptibility anisotropy of the molecules must be <0, a result common to nearly saturated extended hydrocarbon chains (Boroske and Helfrich, 1978) .
RESULTS AND ANALYSIS
A typical experimental run of An vs. H2 for the concentration 0.17 mg/ml is shown by the data points in Fig. 3 . Before proceeding with the full data analysis, we must first determine whether such a concentration is in the dilute regime, or whether we need to consider excluded volume effects. Based upon an Onsager (1949) formalism for long, hard rods taken to the level of the second virial coefficient, it can be shown (Photinos and Saupe, 1985; Rosenblatt and Zolty, 1985) that the Cotton-Mouton coefficient C(-dAn/dH2) scales as PAaAx (1) p7rdQ2) 16
where Aa is the polarizability anisotropy of the tubule, Ax the volume magnetic susceptibility anisotropy, p the number density, d the tubule diameter, and Q the length. The tubules are hollow, having an average wall thickness of -125 A (2.5 bilayers), a diameter of 0.75 gm, and a length of 21 ,um. Moreover, at a concentration of 0.17 mg/ml we find p 2.7 x jog cm-3. Thus the correction term prdQ/16 is -0.018 which, given the experimental variation in the results, is not significant compared with 1. For this concentration, the sample can indeed be considered dilute and excluded volume interactions need not be considered further. (It is interesting to note that for appropriately shaped particles at high concentrations the Cotton-Mouton coefficient can be significantly enhanced, as shown by Lewis et al. [1985] who studied fragments of H. halobium [purple membrane] in the concentration region 1-11 mg/ml.) Finally, we note that other long range interactions such as van der Waals attractions are unlikely to play a significant role at multimicron separations, and therefore the only interaction considered is that of the field interacting with individual tubules. To quantitatively interpret the measurements, we note that the sample birefringence is given by N An = E Ano Vi ( P2 (cos 0i) ), i-I
where N is the number of tubules illuminated by the laser, An0 the birefringence per volume of lipid, Vi is the volume of lipid in tubule i, and P2 (cos 0;) the second Legendre polynomial, i.e., P2 (cos 0) = (3/2 cos2 0i-1/2), for tubule i having an orientation 0i relative to the applied magnetic field. Note that the V-dependence in Eq. 2 remains valid even if form birefringence is important relative to intrinsic molecular birefringence, as long as the tubule walls are thin relative to their diameter, which is clearly the case here. Since it was earlier shown that the tubules are effectively nonmutually interacting, the only component to the orientational part of the free energy S0 depends upon the applied magnetic field: So = -2 (1/2)A/XiH2 COS2 01 (DeGennes, 1975) . Thus from S0 we obtain ( P2 (cos 0) ) by the Boltzmann distribution: From Eq. 4 we see that tubule volume has two effects: larger tubules (in terms of both length and wall thickness) with a larger susceptibility anisotropy (c Ax O4) will have an orientational distribution more sharply peaked -0 = 0; in addition, larger tubules contribute proportionally more (cx An0 VO) to the birefringence. It is thus important to analyze the results in terms of the tubule size distribution, rather than assume a single average value for V. Such an analysis was earlier performed on purple membrane fragment data (Lewis et al., 1985) , although in that case the fragment thicknesses were uniform and only the fragment area played a role in the distribution. For the case at hand, however, the situation may be complicated by the polydispersity in tubule wall thicknesses as well as in lengths, and thus it is important to perform several types of fits to the data.
12 14 16 For the first attempt we assumed an average wall thickness of 21/2 bilayers (125 A) and therefore a uniform cross sectional area A for the res fit to Eq. 4 when annulus of 2.9 x 10-10 cm2. We then performed the summation in Eq. 4 over the length distribution in Fig. 1 , where we substituted L1A for Vi, such BIOPHYSICAL JOURNAL VOLUME 52 1987 0 I I I~~~~~~~~~~~~ that Li is the length of tubule i. A two parameter (AnZ0L,A, b) fit was performed to the data in Fig. 2 using Eq. 4 by summing over the 101 measured tubule lengths; the result is shown by the solid line in Fig. 3 . For this particular experimental run, b was found to be -1.05 x 10'3 T2 cm-3; taking kBT = 4.14 x 10-'4 erg, we thus find Ax = -8.7 x 10-'erg cm-3 T-2, which in cgs units is equal to Ax = -8.7 x 10-9 erg cm-3 G-2.
The magnitude of Ax will be discussed later. At this point we note that the fit is only fair at best, with a strong systematic error. To more clearly see this, the quantity An, -An,., is plotted in Fig. 4 . The open circles indicate that at both low and high fields the experimental values tend to lie above the fitted ("calc") curve, whereas at intermediate fields they fall below the fitted curve. Such behavior generally points toward a polydispersity that has yet to be taken into account; clearly we need to consider the distribution in wall thicknesses. The wall thickness distribution is quantized in terms of the number of bilayers and is shown in Table II . The tubule fraction for 1, 2, and 3 bilayers is taken directly from the third column of Table I . For wall thicknesses of four or more bilayers, however, the data in Table I had to be interpolated in such a way that the total fraction in Table II sums to unity; we feel our interpolation is reasonable. Below we assume a thickness of 50 A per bilayer (Rhodes, D. G., S. L. Blechner, P. Yager, and P. E. Schoen, manuscript in preparation) . In principle the cross-sectional area Ai and tubule length Li may be correlated, although we were unable to verify this from our optical and electron microscope measurements. For convenience, then, we assumed two totally uncorrelated distributions. In Eq. 4, V was rewritten as LiAk, and a double summation over the indices i and k was performed. Using this double distribution fitting procedure, b was found to be -8.5 x 1012 T2 cm3, which in cgs units translates into Ax 5 -7.0 x 10-9 erg cm-3 G-2. In performing the fit, moreover, no systematic deviation from the experimental results was evident, as seen by a plot of the data and least-squares fit in Fig. 5 , as well as the quantity An,,,, -An,w indicated by the solid points in Fig. 4 . Note that the value of Vij for this fit was <1% of the full scale value, a number typical of most of the experimental runs. Another important point is the effect of the distribution interpolation used in Table II . If the fractions for 4-7 bilayers were divided differently, the ultimate results would change only slightly. For example, suppose the fraction for each of the four categories 4, 5, 6, and 7 bilayers were identical, i.e., 0.0265. In that case the resulting Ax would be smaller than that found using Table II by tubules is not extremely important. Additionally, a larger general drift of the baseline was also present. Since this drift tended to occur over long time scales, its effect was not to introduce scatter into the data but rather to introduce a larger run-to-run variation in the two fitted parameters. As a result, the experimental value of Ax is taken to be -7 ± 1 x 10-9 erg cm-3 G-2. Finally, it is important to note the effects of a size distribution: by including the wall thickness distribution the fit was not only significantly improved, but the fitted value of Ax was reduced by some 20%!
DISCUSSION
The value obtained for Ax is of the same order of magnitude as values obtained for vesicles of egg lecithin (Boroske and Helfrich, 1978) and dimyristoyl lecithin (DMPC) bilayers (Scholz et al., 1984) . In the former case Boroske and Helfrich obtained a cgs value of Ax = -2.8 x 10-9, by dynamic reorientation measurements in a magnetic field. Scholz et al., on the other hand, used a static technique measuring the orientational distribution function. Assuming a bilayer thickness of 60 A, they found Ax = -4.7 x 10-9 for egg lecithin and -9.6 x 10-9 for DMPC. The larger value of the DMPC is not surprising, given that the tail is fully saturated. For the case at hand, although there are 17 methylene units per hydrocarbon chain, the polymerized tail structure contains both double and triple carbon-carbon bonds, whose susceptibility anisotropies are of opposite sign from that of a single bond (Schmalz et al., FIGURE 5 An vs. H2. Solid line represents least-squares-fit to Eq. 4 when both length and wall thickness distribution are considered.
1973). Thus we would expect the magnitude of our measurement for Ax to be smaller than that of DMPC. The highly ordered tubule microstructure probably reflects, however, a regular crystal packing throughout its length, which differentiates it from most other biological lipid structures such as those above, that tend to be fluid, irregular, or polycrystalline. Here the tubules are probably similar to the platelet crystals of saturated-chain lecithins studied by Sakurai et al. (1980) . If one makes the simple assumption that the molecular chain lies perpendicular to the bilayer surface, the measured values of Ax go as -1/2 pSAXm, where s is the number of molecules in the cylindrical part of the liposome and AXm the molecular susceptibility anisotropy. The factor of 1/2 arises from the approximately radial orientation of the individual molecules within the structure (Rosenblatt, 1986) . The preceding analysis was based, however, upon the perhaps invalid assumption that the hydrocarbon chains, which contribute the most to the anisotropy, are perpendicular to the bilayer and the tubule axis. While in a fluid or polycrystalline bilayer the molecular long axes lie, on average, along the bilayer normal, they are in fact tilted (in such systems as saturated chain phosphatidylcholines) at 300 or more (Janiak et al., 1976) . There is circumstantial evidence that the tubule wall consists of lipids with long-range order, and each monolayer may in fact be a single oriented crystal. If this were so, the particular chain packing in that crystal would have a substantial effect on the tendency of the tubules to orient in the field. As an extreme example, if the hydrocarbon chains were oriented in the plane of the bilayer and parallel to the tubule axis, the tubules would orient perpendicular to the field, whereas if the chains were oriented along tangents to the circumference, the tubules would orient along the field lines as observed. In other words, the degree and direction of orientation of a cylindrical microstructure in the field is a function of the polar angle X between the hydrocarbon chain and the long axis, but not of the rotation of the chains about an axis parallel to the cylinder. One can in fact, easily calculate the angle 0 (neglecting the contribution of the head group) for which AX changes sign. In the cylindrical geometry Ax = psAXm(3/2 cOs2 X -1/2) (DeGennes, 1975) , which van- ishes when X = sin-' , or -550. (Note that this is equivalent to a 350 tilt with respect to the layer normal.) Also note that this equation reduces to the earlier form AX = -1/2 PsAXm when 4 = 900, i.e., when the molecules lie perpendicular to the tubule axis.
Evidence that the hydrocarbon chain packing is unusual in DC23PC does exist. The electron density normal to the DC23PC tubule bilayer has been determined by low angle x-ray scattering (Rhodes, D. G., S. L. Blechner, P. Yager, and P. E. Schoen, manuscript in preparation). The phosphate-to-phosphate distance in tubules was found to be only 49.5 A, as compared with 48.8 A found in the gel phase of dipalmitoyl phosphatidylcholine, which is seven methylene units shorter (Janiak et al., 1976) . The chain-packing must therefore allow partial interdigitation of the chains, or tilting of the molecules at -450 from the bilayer normal, or some combination of the two. Of course if the 450 tilt were along the tubule axis, the sign of AX would change, which is experimentally not the case. This indicates that if a large tilt were indeed present, it would be distributed uniformly in direction, or perhaps biased away from the tubule axis owing to a possible coupling with the curvature elasticity.
From the foregoing discussion it's clear that we cannot make an estimate of AXm without further information. Perhaps more useful would be a calculation of AXm based upon bond susceptibility anisotropies and molecular conformation probabilities. Armed then with a theoretical value for AXm, one can work backward and deduce structural information about the molecular orientation; this work is currently underway. Analogous structural studies of other biological materials have already been mentioned by several authors (Hong et al., 1971; Maret and Dransfeld, 1977; Seelig et al., 1985; Lewis et al., 1985, for example) . In conjunction with other probes, it should be possible in the future to use magnetic orientation to compare the structures of tubules made from different lipids, assess the effects of interactions with small hydrophobic molecules such as anesthetics on the lipid structure, and monitor the changes in conformation of the lipid molecules that occur during polymerization. Furthermore, orientability allows the study of parts of the microstructure other than the lipid hydrocarbon chains. For example, it can be used not only to study the structure which is itself oriented, but any material that can be attached to the tubule in an ordered manner. One example is study of oriented membrane proteins by various techniques; magnetic resonance experiments are obvious first choices as the field is already provided by the experiment.
